Oxidative stress is associated with the onset and pathogenesis of several prominent central nervous system disorders. Consequently, there is a pressing need for experimental methods for studying neuronal responses to oxidative stress. A number of techniques for modeling oxidative stress have been developed, including the use of inhibitors of the mitochondrial respiratory chain, depletion of endogenous antioxidants, application of products of lipid peroxidation, use of heavy metals, and models of ischemic brain injury. These experimental approaches can be applied from cell culture to in vivo animal models. Their use has provided insight into the molecular underpinnings of oxidative stress responses in the nervous system, including cell recovery and cell death. Reactive oxygen species contribute to conformational change-induced activation of signaling pathways, inactivation of enzymes through modification of catalytic cysteine residues, and subcellular redistribution of signaling molecules. In this review, we will discuss several methods for inducing oxidative stress in the nervous system and explore newly emerging concepts in oxidative stress signaling.
OXIDATIVE STRESS IN THE CENTRAL NERVOUS SYSTEM
activated in response to ROS and to determine the roles of the ROS-induced signals in cell death or cell recovery. Aberrant generation of reactive oxygen species (ROS) is closely linked to the pathogenesis of a number of neurologic disorders, including stroke, Alzheimer's disease, Parkinson's disease, and Amyotrophic Lateral Sclerosis [1] [2] [3] [4] . Oxidative stress arises from a homeostatic imbalance between the generation and scavenging of free radicals [5] . While ROS are found in all mammalian tissues, the brain is especially predisposed to oxidative stress [2, 6] . Neurons have high metabolic demand, and they express lower levels of endogenous antioxidants than other cells with high energy requirements [7] [8] [9] . In addition, the brain is rich in lipids and unsaturated fatty acids that serve as targets for lipid peroxidation. During aging the scavenging activities of enzymes are compromised, decreasing the ability of neurons to defend themselves from ROS [4, 5] . Thus, the discrepancy between metabolic demand and antioxidant resources renders neurons particularly vulnerable to oxidative damage.
To fully elucidate oxidative stress signaling pathways in neurons, it has been critical to develop a number of in vitro and in vivo experimental techniques that directly induce oxidative stress in the central nervous system (CNS). In the first part of this review, we will outline some of the more commonly used methods for inducing oxidative stress in the CNS, including exposure to peroxides or toxins, glutathione depletion, lipid peroxidation, heavy metals, and ischemia. These experimental approaches are of increasing complexity, and can be applied to dissociated neuronal cultures and slice cultures in vitro as well as in vivo in animal models of disease. Together, they provide a means for modeling acute and chronic oxidative stress in the nervous system. In the second part of the review, we will examine evidence that has emerged from the use of these experimental approaches towards elucidating some of the key signaling mechanisms involved in mediating oxidative stress responses in neurons. Oxidative stress is reflected in the increase of free radicals and subsequent oxidation of lipids, DNA, and proteins [4] . Despite increasing evidence supporting the correlation of oxidative stress with neuronal pathology, it is unknown whether oxidative stress-induced death is a cause or consequence of neurodegenerative disease [3, 10] . Oxidative stress is known to engage an increasing number of candidate signaling molecules and networks that promote cell recovery or cell death [3, 4, 10] . Thus, a primary goal of oxidative stress research is to elucidate which signaling pathways are specifically
I. PARADIGMS AND STIMULI THAT TRIGGER OXIDATIVE STRESS IN THE NERVOUS SYSTEM Mitochondrial Reactive Oxygen Species
Reactive oxygen species (ROS) include superoxide, hydrogen peroxide, hydroxyl radicals, and intermediates of lipid peroxidation [4, 11] . While ROS can be generated by several means, including exposure to ionizing radiation, cytotoxic chemicals and phagocytes, the generation of superoxide by the mitochondrial respiratory chain is considered to be the primary source of endogenously occurring ROS [5, 11] . Thus, while mitochondria are essential for meeting cellular energy demands, they pose an inherent risk to cellular and organismal health.
Since hydrogen peroxide serves as a precursor to the hydroxyl radical, it has been widely used to induce oxidative stress in vitro in a number of cell culture systems [13] [14] [15] . However, due to its high reactivity and consequently short half-life, a number of additional methods are frequently used that allow for added experimental flexibility.
The inner mitochondrial membrane of eukaryotes hosts the mitochondrial respiratory chain, whose principal role is to generate ATP to meet cellular energy demands. Through the process of oxidative phosphorylation, electrons are passed along the electron transport chain, generating a proton-motive force across the inner mitochondrial membrane that drives the production of ATP (for a review, see [11] ). The respiratory chain consists of five enzyme complexes: (I) NADH-quinone oxidoreductase, (II) succinate-quinone oxidoreductase, (III) quinolcytochrome c oxidoreductase, (IV) cytochrome c oxidase, and (V) F 1 -F 0 ATPase. The production of superoxide at complexes I and III is believed to be the principal source of mitochondrially derived ROS Fig. (1) [11] .
Mitochondrial Respiratory Chain
A number of naturally occurring and synthetic reagents specifically target the mitochondrial respiratory chain and lead to the production of ROS in vitro and in vivo. While the exact mechanisms of action of these compounds are only beginning to be understood, many of these reagents can be used to selectively target subsets of neurons for oxidative stress-induced death. Among these, MPTP (N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), rotenone, and paraquat (N,N'-dimethyl-4-4'-bipiridinium) are frequently used to induce oxidative stress in the CNS, and are thought to function by inhibition of the mitochondrial respiratory chain [16] [17] [18] . MPTP, the best characterized of these reagents, is a lipophilic compound that crosses the blood-brain-barrier. MPTP selectively destroys the nigrostriatal dopaminergic pathway and thus is widely used as a model for Parkinson's disease [19] [20] [21] . MPTP is taken up by astrocytes or serotonergic neurons, which metabolize MPTP to MPP+ (1-methyl-4-pyridinium) by monoamine oxidase B [22, 23] . Subsequent uptake of MPP+ via dopamine, serotonin, and norepinephrine transporters generates oxidative stress via inhibition of complex I of the respiratory chain [16, 23, 24] .
The generation of superoxide triggers a cascade of biochemical reactions that in turn generates additional ROS. Superoxide dismutase (SOD) catalyzes a reaction that dismutates superoxide to the less toxic hydrogen peroxide. Hydrogen peroxide itself is neutral and readily permeates cellular membranes. Once inside the cell, it serves as a substrate for several reactions, including (1) reduction by catalase to water and oxygen, (2) reduction by glutathione peroxidase to water, and (3) conversion by reduced metals via the Fenton reaction to the highly reactive hydroxyl radical Fig. (2) [12]. The hydroxyl radical reacts rapidly with biological macromolecules including proteins, lipids, nucleic acids, and carbohydrates, from which it abstracts hydrogen atoms, rendering stable free radicals with the potential to propagate chain reactions of radical formation.
The pesticide rotenone is a plant-derived toxin that is structurally similar to MPP+, is highly lipophilic, and permeates cellular membranes [25] . Continuous   Fig. (1) . A schematic modeling the generation of mitochondrially-derived ROS. During oxidative phosphorylation, electrons are passed along the mitochondrial respiratory chain. This process ultimately leads to a potential energy across the mitochondrial membrane that drives the production of ATP. However, oxidative phosphorylation also allows for the generation of ROS. The production of superoxide at complexes I and III is thought to be the primary source of mitochondrially-derived ROS [11] . Fig. (2) . A number of experimental techniques generate oxidative stress in the nervous system. Many experimental methods lead to the production of superoxide (O 2 !-) which can be dismutated by superoxide dismutase (SOD) to hydrogen peroxide (H 2 O 2 ). Hydrogen peroxide itself is neutral and can be converted to water (H 2 O) and oxygen (O 2 ). However, hydrogen peroxide also reacts with reduced metals to produce the hydroxyl radical (OH ! ) via the Fenton reaction. The hydroxyl radical in turn reacts with additional biological macromolecules, thus propagating a chain reaction of ROS production.
administration of rotenone to rats leads to a sustained inhibition of complex I and to a subsequent degeneration of the nigrostriatal dopaminergic pathway [17] . Another compound with structural similarity to MPP+ that is widely used to generate oxidative stress is paraquat. Paraquat leads to increased superoxide levels and subsequent neuronal cell death [26] [27] [28] . However despite its similarity to MPP+, paraquat does not cross the blood-brain-barrier as easily [29] , and may have a distinct mechanisms of action [30] . Taken together, MPTP, rotenone, and paraquat provide attractive means for chemically inducing oxidative stress both in vitro and in vivo.
inferior olive to mimic the cerebellar ataxias associated with olivopontocerebellar atrophy [42] .
Overall, several approaches have been developed that successfully induce ROS in the CNS through the use of reagents targeting the mitochondria. The use of these paradigms offers in some cases the possibility of targeting distinct neuronal populations, and thus the ability to model specific diseases.
Glutathione Depletion
Glutathione depletion provides a unique approach for inducing oxidative stress by reducing levels of the endogenously occurring anti-oxidant glutathione. Glutathione depletion can be produced in primary cortical cultures by chronic exposure to glutamate or a glutamate analog, homocysteate quisqualate ibotenate [43] [44] [45] . These compounds induce oxidative stress via inhibition of glutathione synthesis, independently of ionotropic glutamate receptor-mediated excitotoxicity. Under basal conditions, cystine, the precursor of the essential amino acid cysteine, is taken up by cells via the cystine/glutamate transporter. In turn, cysteine is required for the synthesis of the antioxidant glutathione. Excess glutamate competitively inhibits cystine uptake by the cystine/glutamate transporter, and therefore leads to reduced glutathione synthesis [43] . While inhibitors of the rate-limiting enzyme of glutathione synthesis, " -glutamylcysteine synthetase, are also available [46] , glutathione depletion provides a means of inducing oxidative stress endogenously in neurons [44, [47] [48] [49] .
The dopamine analog 6-hydroxydopamine (6-OHDA) is a commonly used neurotoxin that selectively induces the death of catecholaminergic neurons [31, 32] . Because 6-OHDA does not readily cross the blood-brain-barrier, for in vivo studies it must be injected directly into the brain. In vitro, cells can be treated directly with 6-OHDA. Once inside the cell, 6-OHDA inhibits both complex I and IV of the respiratory chain and leads to the generation of superoxide, hydrogen peroxide, and hydroxyl radicals [33] [34] [35] [36] . Moreover, 6-OHDA leads to a ROSrelated loss of mitochondrial membrane potential [37] . Thus, 6-OHDA represents an attractive paradigm for models of Parkinson's disease, in which oxidative stress is implicated in dopaminergic neuronal loss.
The plant-derived mycotoxin 3-nitropropionic acid (3-NP), is an important inducer of ROS that specifically targets striatal neurons in vivo [38, 39] . By irreversibly inhibiting the Krebs cycle and complex II of the respiratory chain, 3-NP promotes the generation of hydroxyl radicals leading to neuronal death. 3-NP can be administered intraperitoneally to model Huntington's disease [40, 41] . 3-NP has also been used to induce neuronal cell death in the
Lipid Peroxidation
Free radicals trigger the peroxidation of polyunsaturated fatty acids, including cholesterol esters, phospholipids, and triglycerides. Thus, treatment of cells with products of lipid peroxidation provides an alternative method for monitoring the biological effects of oxidative stress [50, 51] . The aldehyde products of lipid peroxidation can be grouped into three major categories, 4-hydroxy-2-alkenals, 2-alkenals, and ketoaldehydes [50] . These aldehyde products diffuse freely and react with macromolecules, including proteins, phospholipids, and DNA [50, 52] . In this manner, they directly trigger oxidative damage within cells.
cell death via apoptosis, necrosis, and/or necroptosis [72] [73] [74] [75] [76] . In vivo experimental models for ischemia have been designed by occlusion of arteries that supply the brain. These models include global ischemia, focal ischemia, and hypoxia/ischemia [77] . Reperfusion following ischemia leads to a rapid reactivation of the electron transport chain, leading to increases in intracellular calcium levels and excess glutamate [78] . Together, these fluctuations lead to long-term changes that are propagated by the generation of free radicals and peroxynitrites [77, [79] [80] [81] [82] [83] [84] . Depending on the combinations of arteries ligated and the duration of the insult, gradients of injury will develop that closely parallel human pathology. Using these techniques, a cellular environment composed of heterogeneous neuronal subpopulations emerges and extends from the "core" of the injury where neurons die due to necrosis to the "penumbra" of the lesion where mild injury leads to apoptotic cell death [72, 77, [85] [86] [87] [88] .
The aldehyde with the highest potential toxicity to cells, 4-hydroxy-2-noneal (HNE), is a member of the class of 4-hydroxy-2-alkenals [53] . HNE treatment of primary neurons and tissues leads to the activation of cell repair or cell death programs [54] [55] [56] . Further, its adducts can be used as biomarkers of oxidative damage within cells [57] . Consistent with a role of lipid peroxidation in neurologic disease, HNE accumulation has been observed in models of ischemia/reperfusion [58] and in patients with neurodegenerative diseases, including Alzheimer's disease, Parkinson's disease, and Amyotrophic Lateral Sclerosis [9, [59] [60] [61] .
To complement the in vivo approach, ischemia can be induced in vitro by exposing dissociated cultures of neurons or organotypic slice cultures to hypoxia together with glucose deprivation [77, [89] [90] [91] [92] . Exposure to hypoxia in vitro leads to a wide range of cellular damage [77, 90] . While these models are limited by how closely they mimic ischemic cell injury, their strength lies in providing a paradigm for investigating early cellular changes that take place during ischemia. Thus, models of ischemic injury allow for the examination of specific stages of oxidative stress-induced death in distinct neuronal populations in vitro and in vivo.
Heavy Metals
Many metals including cadmium, arsenic, and lead, cross the blood-brain-barrier, leading to oxidative stress and cell death [62] [63] [64] [65] [66] [67] . The severity of the biological response to heavy metals is determined largely by the solubility, absorbency, transport, and reactivity of the metal in the formation of functional complexes with cellular proteins [64] . While the intracellular mechanisms regulating the effects of heavy metals are poorly understood, heavy metals contribute to multiple biological functions. For example, iron is required for normal cellular function; however iron also reacts with hydrogen peroxide, generating the hydroxyl radical [12, 68] . Heavy metal toxicity can lead to severe developmental disorders including open neural tubes, peripheral neuropathies, encephalitis, and cognitive dysfunction [65, [69] [70] [71] . Despite many differences in the properties of heavy metals, a unifying theme that has emerged suggests that toxic levels of heavy metals cause cellular damage through the generation of free radicals, and this process can be modeled experimentally both in vitro and in vivo [63, 64, 66, 67] . Excess metals promote the production of superoxide and hydrogen peroxide via depletion of glutathione and sulfhydryl groups and promote increased lipid peroxidation [64] . In this manner, heavy metals inactivate enzymes, disrupt cellular membrane integrity, damage cytoskeletal components, and compromise the integrity of DNA [63] .
II. SIGNALING PATHWAYS REGULATED BY OXIDATIVE STRESS
In addition to damaging macromolecules, oxidative stress is thought to trigger the activation of specific signaling pathways in cells that in turn lead to alterations in gene expression, ultimately coupling the oxidative stress signal to cell death or cell recovery [46, 93, 94] . Although the pathways that link oxidative stress signals to cellular responses remain largely to be elucidated, a number of proteins have been implicated in these responses. These proteins include the mitogen activated protein kinases (MAPKs: ERK1/2, JNK, p38MAPK, ERK5) [66, [95] [96] [97] [98] , the transcription factors cAMP response element-binding protein (CREB) [99, 100] , Sp [49, 101] , and Forkhead (FOXO) [102] [103] [104] , as well as the oxidoreductase apoptosis inducing factor (AIF) [13, 105, 106] . Whether a neuron engages in repair and defense mechanisms against oxidative stress or succumbs to cell death results from the integration of signals from multiple signaling pathways.
Protein Kinases Ischemia
Oxidative stress activates a number of intracellular signaling pathways which mediate cellular effects on recovery, survival, and death. The MAPK family Reduced blood flow and reperfusion during ischemia deprive neurons of oxygen, leading to an imbalance in cellular homeostasis and subsequent consists of ERK1/2, the stress-activated kinases JNK and p38MAPK, and the big MAPK1 (BMK1 or ERK5). These serine/threonine kinases which are activated upon phosphorylation by upstream activating MAPK kinases, integrate cues to mediate cellular responses [107] . They respond to a wide range of biological stimuli including oxidative stress, and regulate cell survival and death through transcription dependent and transcription independent means in different cellular contexts [2, 96, 104, [108] [109] [110] [111] [112] [113] [114] .
oxidative stress has been shown to lead to biphasic activation of the MAPKs ERK1/2 and JNK [46, 115, 128] . The biphasic profile of MAPK activation may reconcile in part the seemingly opposite roles of MAPKs in survival and death signaling. The early rapid phase of MAPK activation due to an acute stress may promote a survival response and preemptively prepare neurons for a more severe exposure later on, as observed in ischemic preconditioning [116, 129] . In contrast, a sustained or delayed MAPK peak due to chronic stress promotes cell death possibly as a result of depleted endogenous antioxidant stores, such as glutathione [48, 115, 125, [130] [131] [132] . This view is consistent with the exciting possibility is that neurons contain a "stress-sensor" such that acute stimuli evoke a cellular response that promotes pre-conditioning against future insults.
While ERK1/2 has been widely viewed as a prosurvival kinase, emerging evidence points to a dual function for ERK-mediated signaling in response to oxidative stress [115, 116] . In cultures of primary neurons and neuronal cell lines, oxidative stress leads to robust ERK1/2 activation and subsequent neuronal death [48, 95, 97, [116] [117] [118] . In addition, in models of acute oxidative stress induced by traumatic brain injury, regions of the hippocampus in which neurons stained positively for phosphorylated ERK1/2 were found to eventually undergo cell death [119] . Treatment of oxidatively stressed primary cortical neurons or the HT22 hippocampal neuronal cell line with the MEK inhibitor U0126 protected neurons from oxidative stress-induced death [120] . In addition, the neuronal death induced upon middle cerebral artery occlusion is reduced by more than 50% with intravenous treatment of animals with the MEK-1-specific antagonist PD98059 prior to focal ischemia [121] . Further, treatment of gerbils with the MEK inhibitor U0126 during reperfusion protected the hippocampus from reperfusion injury [122] . Interestingly, the use of these same pharmacological inhibitors in cultures of PC12 cells treated with hydrogen peroxide lead to reduced ERK5 activation and increased cell death [98] . These results suggest that oxidative stress-induced ERK signaling has differential effects on cell survival.
Several mechanisms may account for oxidative stress-induced MAPK activation. In one model, oxidation of amino acid residues on membrane receptors is hypothesized to lead to receptor activation. For example, upon exposure of PC12 cells to arsenite, the epidermal growth factor receptor (EGFR) becomes phosphorylated on tyrosine residues, leading to increased binding of the Grb2 adapter protein and subsequent activation of Rasdependent signaling [108, [133] [134] [135] . While the mechanisms for oxidative stress-mediated receptor activation are still not well understood, one possibility is that free radicals induce conformational changes in receptor dimerization domains. Beyond receptor activation, evidence for the activation of intracellular signaling pathways via oxidation of critical residues in adapter proteins and signaling molecules including the small GTPase Ras, support the model where oxidative stress triggers the activation of signal transduction cascades at multiple points along these cascades [135, 136] .
The reversible modification of enzymatic activities by redox signaling provides another attractive mechanism for fine tuning on-going kinase activity in response to oxidative stress [136] [137] [138] . In addition to protein kinases and their upstream activators, proteins that inhibit protein kinase cascades including protein phosphatases are subject to regulation by stress [139] . Catalytic residues of phosphatases that have a low pKa and exist in the thiolate form at neutral pH including MAPK phosphatases (MPKs) can be oxidized to either sulfenic (S-OH), sufinic (S-O 2 H), or sulfonic (S-O 3 H) acid [137, 138, [140] [141] [142] [143] . Oxidation of the cysteine residue inactivates the phosphatase, and consequently the sustained activity of substrate kinases such as ERK1/2 and JNK promotes cell death [46, 94, 97, 137, 141] . The reactivation of oxidized phosphatases by glutathione or thioreductases is contingent upon the degree of oxidation, and thus phosphatase regulation provides a powerful means for regulating the kinetics of kinase activation in response to stress [46, 141, 142, 144] .
The stress-activated JNK is especially interesting as it has been shown to mediate oxidative stress signaling across species [104, [123] [124] [125] . Both JNK3 and p38MAPK are required for arsenite-induced neuronal death [66, 67] . In these experiments, sustained JNK and p38MAPK activity leads to caspase activation and apoptotic neuronal death [66, 67] . Together with these findings, evidence from in vivo models of oxidative stress including cerebral ischemia-reperfusion support the role of JNK in mediating neuronal death [126, 127] . In addition, JNK activity has been associated with activation of cJun, increased expression of FasL, and apoptotic neuronal death [126] . Loss of the brain-specific JNK3 in jnk3 -/-mice protects neurons from injury produced by occlusion of the common carotid artery followed by hypoxia [96] . Together, these results indicate that the JNK signaling pathway plays an important role in oxidative stress-induced death signals in the nervous system. Consistent with the model that MAPK pathways may serve multiple roles in stress responses,
Transcription Factors
Downstream of JNK signaling, several transcription factors including c-Jun and FOXO have been implicated in oxidative stress responses. In cortical neurons, JNK activity leads to the phosphorylation of c-Jun in neurons upon exposure to arsenite or ischemia [67, 126, 168] . The induction of c-Jun leads to the upregulation of proapoptotic genes, including bim, Fas, and TNFRp55 [96, 169, 170] . JNK activation also leads to the activation of the FOXO family of transcription factors. The FOXO family of transcription factors consists of evolutionarily conserved proteins that exert pleiotropic effects on biological processes, including cell death, stress resistance, metabolism, and longevity [171] . In response to low levels of hydrogen peroxide treatment via activation of the small GTPase Ral, JNK phosphorylates mammalian FOXO4 at Thr447 and Thr451 and promotes both the nuclear translocation of FOXO and the induction of MnSOD [104] . Interestingly FOXO transcription factors also promote cell death [172] . Oxidative stress may also induce SIRT1-mediated FOXO deacetylation, and a subsequent shift from the induction of cell death genes including bim to the transcription of genes involved in stress resistance, such as gadd45 [103] . In this manner, the FOXO transcription factors may mediate dual cellular responses to oxidative stress.
Downstream of MAPK and other signaling molecules, a number of transcription factors including CREB, c-Jun, FOXO, Sp1/3, and others engage genetic programs that promote cell recovery or cell death [108, [145] [146] [147] . The transcription factor CREB is established to be important for neuronal survival signaling through the induction of prosurvival genes, such as bcl-2 [109, 146, [148] [149] [150] . Surprisingly, although the ERK1/2 are activated in response to oxidative stress, the exact role of CREB in oxidatively stressed neurons is less clear. Some studies have found that in cultures of cerebellar granule neurons exposed to HNE, CREB appears to be inhibited, leading to a decrease in CREB and AP-1 binding to DNA [56] . CREB has also been suggested to be dephosphorylated and cleaved by a calpaindependent mechanism in response to hydrogen peroxide treatment of cerebellar granule neurons [151] . However, treatment of primary midbrain neurons with 6-OHDA induces the robust CREB phosphorylation at serine 133 [99] . Interestingly, the subcellular localization of phosphorylated CREB varies in response to stress [99] . Oxidative stress leads to an increase in phosphorylation of the cytoplasmic pool of CREB, while the nuclear pool of phosphorylated CREB decreases [99] . The differences in localization are further reflected in the decreased induction of CREB target genes, such as bcl-2 and bdnf [99] . In other studies, treatment of glutathione-deprived neurons with iron chelators, thought to decrease oxidative stress by sequestering redox active iron, induces ATF-1/CREB DNA binding and protects neurons from death [100, 152, 153] . Consistent with a role in oxidative stress and disease, increased cytoplasmic CREB has also been found in degenerating substantia nigra neurons of patients with Parkinson's disease or Lewy body disease [99] .
Sp Transcription Factors
Sp1 and Sp3 (specificity protein 1) transcription factors are widely expressed including in the brain [147, 173] . Sp proteins bind GC-boxes through a zinc finger domain, and influence transcription of different classes of genes including those involved in differentiation, proliferation, and oxidative stress responses [147, 173] . Interestingly, Sp transcription factors induce the expression of a number of genes with diverse functions, such as pro-survival genes including inhibitor of apoptosis, survivin [174] , and MnSOD [175] , while also retaining the ability to activate pro-apoptotic genes such as FasL [176, 177] and 12-lypooxygenase [178] . While Sp1 and Sp3 regulate distinct cellular functions, increasing evidence suggests that stimulus and cell type specificity determine their role in cell survival or cell death.
One possible mechanism that might lead to sequestering of nucleus-bound proteins, such as CREB, could be through oxidative stress-induced modification of shuttling and transport proteins. In fact, differences in the localization patterns of the MAPKs and CBP, has been observed in in vitro and in vivo models of ischemia and in neurons from Parkinson's disease patients and Huntington's Disease patients [48, 116, 130, [154] [155] [156] [157] [158] [159] . Another possibility is that normal proteasomal function and phosphorylation-dependent degradation programs could be impaired under oxidative stress conditions. Thus oxidative stress could indirectly inhibit transcription and stress recovery. Consistent with this model, proteasomal malfunction has also been observed in a number of diseases in which oxidative stress is implicated [160] [161] [162] [163] [164] . Based on these findings, the specific localization of signaling molecules bears a strong impact on neuronal survival. This interpretation is consistent with growing evidence for the role of subcellular localization in the activation of distinct signaling pathways regulating neuronal survival [165] [166] [167] .
Studies carried out both in vitro and in vivo have identified a role for Sp1 and Sp3 in neuronal responses to oxidative stress [40, 101] . In primary cultures of cortical neurons, glutathione depletioninduced oxidative stress leads to both elevated protein levels of Sp1 and Sp3 and their increased binding to DNA target sequences [40, 49] . It has also been shown that mutant Huntingtin leads to oxidative stress in vitro and in vivo [179] [180] [181] [182] [183] . Consistent with these findings, mice harboring striatal lesions due to 3-NP-induced oxidative stress have increased Sp1 and Sp3 protein levels [49] . In addition, oxidative stress in cortical neurons promotes the acetylation of Sp1 both in vitro and in vivo, enabling Sp1-dependent gene expression [40] . Further, by using 3-NP to induce oxidative stress and to model Huntington's disease, it has been found that inhibition of histone deacetylases prior to 3-NP injection leads to increased Sp1 acetylation that is coupled with protection from 3-NP-induced oxidative stress [40] . elucidated, it has been hypothesized that because PARP1 uses nicotinamide adenine dinucleotide (NAD+), the activation of PARP1 is sensed in the mitochondria by an as yet unidentified mechanism that triggers AIF release [188] . Subsequently, cytosolic AIF induces mitochondrial breakdown, promoting cytochrome c release, and caspase activation. Consistent with the finding that Sp transcription factors play a role in oxidative stress, the R6/2 mouse model of Huntington's Disease has increased Sp1 and Sp3 protein levels [49, 184] . It has been shown that soluble mutant Huntingtin interacts with and sequesters Sp1 and its coactivator TAFII130, preventing Sp1 DNA binding to target promoters, including dopamine D2 receptor and the nerve growth factor promoter [101, 185] . Interestingly, the DNA binding of Sp1 has been found to be compromised in post-mortem brain tissue of both presymptomatic and patients of Huntington's Disease, supporting the model where Sp transcription factors respond to oxidative stress [101] . While the oxidative stress-regulated Sp1 and Sp3 targets remain to be elucidated, these findings point to a transcriptional mechanism that underlies Sp-regulated cellular responses to stress and disease.
The dual role of AIF as a sentinel of cell death and survival is underscored in the naturally occurring mouse mutant Harlequin (Hq), which results from an insertion of a mouse leukemia virus in the AIF locus [13] . The Hq mouse has an 80% reduction in AIF levels, and develops ataxia, a condition which is coupled to a primary loss of cerebellar granule neurons [13] . AIF shares homology with the bacterial oxidoreductases, which endows AIF with NAD(P)H oxidase activity in vitro [194] . In line with its similarity to bacterial oxidoreductase, it was found that low levels of AIF in the Hq mouse impair free radical homeostasis and lead to subsequent oxidative stress through elevated lipid peroxidation [13] . Further, primary cerebellar granule neurons cultured from the Hq mice had increased sensitivity to hydrogen peroxide treatment that was rescued by the expression of AIF.
Oxidoreductase Enzymes
It will be interesting to identify the exact mechanisms that regulate AIF function in response to distinct stimuli. In addition, the elucidation of the downstream signals that are activated in response to AIF release will be critical in order to fully understand the role that AIF plays in the nervous system.
In addition to affecting the activity of protein kinases and transcription factors, oxidative stress impacts on the activity of other signaling molecules including oxidoreductases. The flavoprotein apoptosis inducing factor (AIF) has emerged as one such oxidoreductase which possesses a dual role in mediating neuronal survival and death [13, 105, 106, 186, 187] . Under basal conditions, AIF is located in the mitochondrial inner membrane space, and in response to stress stimuli, it translocates to the nucleus where it leads to neuronal death [105, 188, 189] . However evidence also suggests that AIF functions as a scavenger of free radicals that defends cerebellar granule neurons from oxidative stress [13] .
Perspectives for the Future of Oxidative Stress Research
The development of experimental methods that generate ROS has enabled the modeling of oxidative stress in neurons. While certain techniques induce oxidative stress in distinct neuronal populations, other methods apply more broadly to nervous tissue. Together, these techniques will serve as a foundation for future advances in understanding the role of oxidative stress in neurologic disease. A major challenge in oxidative stress research is the accurate evaluation of the degree of oxidative damage incurred by cells and tissues due to the reactive nature of ROS. In the future, it will be critical to develop tools to standardize the assessment of oxidative stress across experimental systems. This may prove to be challenging, requiring technological advances that permit simple, reproducible, and accurate measurement of the load of ROS within living cells, ideally allowing for the evaluation of ROS levels within distinct subcellular locations.
Originally identified as an inducer of caspaseindependent apoptosis, stimuli that promote the nuclear translocation of AIF also trigger hallmarks of apoptotic cell death: nuclear condensation and chromatin fragmentation [105] . In primary cultures of cortical, hippocampal, and cerebellar granule neurons, and in in vivo models of ischemia, AIF translocates from the mitochondria to the cytoplasm and nucleus nearly immediately following the insult [188, [190] [191] [192] . AIF is thought to act in both BAXdependent (DNA damage induced by camptothecin treatment) and BAX-independent (NMDA or kainateinduced excitotoxicity) pathways to mediate cell death [193] . It is believed that AIF mediates death induced by poly (ADP-ribose) polymerase (PARP1), a nuclear enzyme that regulates DNA repair [188] . Although the exact mechanisms mediating the downstream signals from PARP1 remain to be ROS activate signaling pathways that regulate recovery and death signals in response to stress. However while many signaling molecules have been linked to oxidative stress signaling, we are just beginning to learn the specific roles of these Fig. (3) . A growing number of signaling molecules are implicated in promoting both neuronal survival and death. Dual functions of signaling molecules (e.g. protein kinases, transcription factors, and oxidoreductases) in neuronal survival and death are regulated in a cell-and stimulus-specific manner. Redox state, subcellular localization, and activation kinetics represent some of the properties of signaling molecules that may be modulated by ROS. complex signaling networks. Further investigations will be required to unravel the intricate signaling mechanisms and chemistry of how ROS control specific signaling pathways. 
